Although the signature of human voice is mostly tonal, it also includes a significant broadband component. Quadrupolelike sources due to turbulence in the region downstream of the glottis, and dipolelike sources due to the force applied by the vocal folds onto the surrounding fluid are the two primary broadband sound generating mechanisms. In this study, experiments were conducted to characterize the broadband sound emissions of confined stationary jets through rubber orifices formed to imitate the approximate shape of the human glottis at different stages during one cycle of vocal fold vibrations. The radiated sound pressure spectra downstream of the orifices were measured for varying flow rates, orifice shapes, and gas mixtures. The nondimensional sound pressure spectra were decomposed into the product of three functions: a source function F, a radiation efficiency function M , and an acoustic response function G. The results show that, as for circular jets, the quadrupole source contributions dominated for straight and convergent orifices. For divergent jets, whistling tonal sounds were emitted at low flow rates. At high flow rates for the same geometry, dipole contributions dominated the sound radiated by free jets. However, possible source-load acoustic feedback may have hampered accurate source identification in confined flows.
I. INTRODUCTION
Voice production involves sound generation by turbulent confined jets through an orifice ͑the glottis͒ with a timevarying area. The glottis is a slitlike orifice between the vocal folds, located in the airway and connected to the vocal tract. In voice production, the glottis is excited into selfoscillations by the airflow through it, causing a confined pulsating air jet downstream. The motion of the vocal folds is complex, and involves a continuous evolution of the orifice profile. One cycle of the orifice time history may be idealized using a succession of three representative glottal wall profiles: convergent, straight, and divergent. The acoustic waves generated by the pulsating jet flow, which represent the main voice source, are effectively filtered by the articulators forming the vocal tract downstream, such as the mouth and nasal cavity, before being radiated from the lips.
The radiated sound signature in voice production consists of the sum of a periodic component and a random broadband component. The periodic component due to the pulsating flow forced by glottis oscillations dominates at low frequencies in sonorant sounds. This basic tonal voice production mechanism is generally well understood, and can be modeled using a quasi-steady approximation ͑Zhang et al., 2002b͒. The ͑modulated͒ broadband component, which is presumably related to the turbulence in the air stream, is much smaller in amplitude for phonation at low frequencies. However, broadband sound is an important component of human voice at high frequencies ͑above approximate 7000 Hz͒. Similar jet flows are also involved in the generation of fricative consonants, another important component of speech. A better understanding of the broadband sound generation mechanisms is useful in speech applications such as voice diagnostics and high-quality speech synthesis.
There have been relatively few studies on the production of broadband sound from air flow through the larynx and the vocal tract. Early measurements suggested that the broadband noise spectrum is relatively constant in the mid-audio frequency range ͑Flanagan, 1965͒. Experimental work by Meyer-Eppler ͑1953͒ has suggested that, for fricative consonants, a critical Reynolds number exists below which there is negligible turbulent sound generation. Meyer-Eppler has reported that the sound pressure related to turbulence in the airflow increases with the square of the Reynolds number. Such a scaling law, however, was postulated without rigorous verification through systematic changes in physical model size or working fluid.
Stevens ͑1998͒ has reported that the radiated sound pressure from turbulent flow through constrictions is proportional to the third power of jet velocity and the square root of the constriction area. The recent work of Harper ͑2000͒ on breathing sounds was again based on a Reynolds number power law. Such models neglect the possible influence of acoustic loading on sound production. The spectrum of the sound pressure for a source such as turbulent flow past an obstacle located in an open space tends to have a broad peak at a constant Strouhal number ͑Goldstein, 1976͒. To account for the influence of the acoustic response of cavities and ducts for sources within confined spaces on power law exponents, inverse filtering methods are needed. methods may not yield accurate results when the sound source region is spatially distributed, random, and spatially partially coherent.
Broadband sound generation by confined stationary jets through circular orifices was recently studied by Zhang et al. ͑2002a͒ . An acoustic similarity law was derived, in which the nondimensional sound pressure spectrum was formulated as a product of a source spectral distribution function, a radiation efficiency function, and an acoustic frequency response function. The three functions were separated using a spectral decomposition method, thus allowing the identification of source type and source spectral characteristics. Sound radiation was found to be similar to that of a quadrupole source in tubes, with negligible dipole contribution.
For sound generation by stationary jet flows through glottis-shaped orifices, dipole sources due to the fluctuating pressure on the orifice walls may play a role in addition to the quadrupole sources due to flow turbulence in the region downstream of the orifice ͑Zhang et al., 2002b͒. It is believed that the shape of the glottal orifices has an important impact on the behavior of these two sound production mechanisms. In particular, there may exist interactions between vortical flow structures and the sound field in cases where the orifice walls form a divergent diffuser.
Vortex structures in jet flows through orifices have been well described. Johansen ͑1929͒ studied water flow through a sharp-edged circular orifice mounted concentrically in a glass pipe. Flow visualization showed an axisymmetric jet with vortex rings. At low Reynolds number, as the flow began to transition from laminar to turbulence, these vortices were shed at a constant Strouhal number. Vortices were also observed to emerge from a sharp-edged two dimensional slit as well as a sharp-edged circular orifice in a rectangular channel by Beavers et al. ͑1970͒ . Vortex sheets were formed with a constant Strouhal number ͑0.43 for two-dimensional jets and 0.63 for circular jets͒ over Reynolds numbers ranging from 500 to 3000. Flow visualization of the jet formation process has been performed by Shadle et al. ͑1987͒ using a dynamic model of the vocal folds consisting of two rectangular shutters. It was found that when the orifice was slightly off-center, the jet attached to the wall closest to the orifice. When obstructions representing false folds were added downstream, however, the jet plume ''straightened out.'' Recently, flow visualization observations have been made for flow through a rigid static divergent glottis model ͑Dabiri et al., 2001͒. The jets were found to be skewed, and oscillated randomly. Vortical structures were also observed. The flow separation points moved along the glottis walls as the transglottal pressure was varied, and the flow was very unstable.
Instability waves and related vortex structures are possible sound sources. Relationships between the existence of forced shear layer instability and radiated sound were identified in the experiments of Moore ͑1977͒. McGowan ͑1988͒ used an aeroacoustic approach to study the source of sound during phonation. He postulated that, in addition to the unsteady volume velocity monopole source, an oscillating force ͑i.e., a dipole source͒ arises from the interaction between vortical structures shed from the glottis and the velocity field itself. In measurement using a dynamic mechanical model of the larynx and the vocal tract, Barney and co-workers ͑1999͒ found evidence of a vortex train, which contributed to sound radiation due to the interaction with the vocal tract downstream. Hofmans ͑1998͒ experimentally and computationally investigated the starting flow through various mechanical models comprising nozzles and orifices. A very complex behavior of interacting vortices due to the jet instability was observed. Frequencies of pressure perturbations associated with the vortex pairing and merging process were in the audible range. Contributions to speech production were postulated.
The present study is an extension of the work of Zhang et al. ͑2002a͒ . The objective was to investigate the possible effects of the orifice geometry on broadband sound generation. The investigation of the source spectral characteristics for different orifice geometries could also allow the development of advanced models for broadband voiced sound in speech synthesis applications. Whistlelike tone generation for geometries featuring a divergent orifice cross-section was encountered, and is also discussed.
II. THEORETICAL BACKGROUND
A brief description is given in this section of the acoustic similarity law and spectral decomposition method derived by Zhang et al. ͑2002a͒ . The readers are referred to the original paper for a detailed analysis and validation.
Consider sound generation by a finite region of turbulence in a long rigid rectangular tube. Assuming a compact source region, the radiated sound pressure spectral density can be expressed as the product of a source spectral distribution function F, a radiation efficiency function M , and a far-field acoustic response term G. The latter describes the effects of sound propagation phenomena from the source region to the observer. The nondimensional sound pressure spectrum, 
where S pp is the sound pressure spectral density, D is the tube cross-sectional dimension, d is the orifice hydraulic diameter, x R is the observer location, is the fluid density, and R is the acoustic boundary condition. The hydraulic diameter was defined for the slit-shaped orifice cross sections as 2 times the orifice width. The dimensionless groupings are defined as ReϭUd/, Stϭ f D/U, Heϭ f D/c, where U is the centerline velocity of the jet, is the fluid viscosity, f is frequency, and c is the speed of sound.
The radiation efficiency is defined as the ratio of the radiated sound power and the mechanical power driving the sound generation phenomena. For a multipole source of order n in free space, the radiation efficiency function is of the order of (kD) 2n ͑Howe, 1998͒, where k is the wave number. The radiation efficiency decreases with ascending multipole order. The presence of the confinement changes both the source characteristics and the sound field. At frequencies below the duct cut-on frequency, in which only plane wave propagation is possible and the sound field is essentially onedimensional, sound radiation is more efficient in tubes than in free space ͑Howe, 1998͒. For example, the radiation efficiency of a quadrupole source in tubes is in the form of (kD) 2 , in contrast with (kD) 4 for a quadrupole source in free space (kDϽ1). As frequency increases above the cut-on frequency, the sound field is three-dimensional and the sound radiation behavior approaches that for free space ͑Davies et al., 1968͒. The radiation efficiency accordingly transitions from (kD) 2 to (kD) 4 . The M and G functions are functions of only the Helmholtz number. Their product forms a new function G 1 . For a fixed microphone position, constant acoustic boundary conditions and orifice geometry, Eq. ͑1͒ becomes
The three functions can be separated from measured sound pressure spectral data using a spectral decomposition method ͑Zhang et al., 2002a͒, assuming a linear source-filter model for the sound generation system. Expressing the nondimensional spectrum using a logarithmic scale, Eq. ͑2͒ is rewritten as 10 log F͑St,Re͒ϭ10 log EϪ10 log G 1 ͑ He͒. ͑3͒
Nondimensional sound spectra may be plotted against the St number and the Re number for values of f and c forming a constant He number. Since the F and G 1 functions are assumed to be independent, surfaces for consecutive He number values should be parallel to each other. They should have the same functional shape and only differ by a constant level difference over the St-Re plane. This level difference is equal to the difference in the value of 10 log G 1 corresponding to the two He number values considered. By arbitrarily imposing a zero value to the function G 1 at the minimum value of the He number in the experimental data, the G 1 function can then be uniquely constructed over the entire range of He number. This allows 10 log F k functions to be obtained for each combination of the Strouhal number and the Reynolds number using Eq. ͑3͒. The final value of the function 10 log F is obtained by ensemble-averaging all 10 log F k functions. It has been shown that the acoustic frequency response function, G, is in good agreement with the transfer function between the radiated acoustic pressure at one fixed location and the strength of an equivalent velocity source located at the orifice, and has a comparatively uniform spectral shape ͑Zhang et al., 2002a͒. For a multipole sound source of order n, the G 1 function then follows closely the trend of the M function. Therefore, it is possible to identify the dominant order of the source multipole from the trends in the measured G 1 functions.
III. EXPERIMENTAL APPARATUS
Hardware from a previous study was used ͑Zhang et al., 2002a͒ . The test section consisted of two rectangular tubes, as illustrated in Fig. 1 . Each tube had an inner cross-section 2.25ϫ2.25 cm and was 22.5 cm long. A 6 mm thick rubber glottis-shaped orifice plate with two cover aluminum plates was inserted between the two rectangular tubes. The rubber glottis-shaped orifice plates were built to simulate the human vocal folds geometry, and acted as a constriction to the airflow. Three different orifice geometries ͑straight, convergent, and divergent͒ ͑Fig. 2͒ were used in the experiments, each representing a typical stage of the phonation cycle. The two tubes were connected to anechoic terminations on both the flow supply and the discharge ends, respectively. The same anechoic terminations were used as in previous studies ͑Zhang et al., 2002a; Zhang et al., 2002b͒ . The reflection factor of the downstream system was measured using the two-microphone method. Its magnitude is shown in Fig. 3 over the plane wave frequency range. The reflection factor magnitude lies below 0.3 at most frequencies. The peaks around 3500 Hz and 6900 Hz are believed to be due to the fact that the microphone spacing is a multiple of halfwavelengths and the calculation of reflection factor is indeterminate. More resonances may exist at frequencies beyond the cut-on frequency of the acoustic high modes ͑approxi-mate 7000 Hz͒. The flow supply was designed for the use of different gas mixtures in the experiments. Use of different working fluids allows the variation of fluid properties, such as the viscosity and the sound speed. Three different helium-CO 2 mixtures, with helium mole ratios of 0, 0.33, and 0.57, were used in addition to air, allowing the speed of sound to be varied between 268 m/s and 409 m/s, and the viscosity to be varied between 8.4ϫ10 Ϫ6 m/s and 72.69 ϫ10 Ϫ6 m/s 2 . Two flush-mounted microphones ͑6.35 mm diameter, B&K 4938͒ were installed along the tubes, each 14 cm upstream and downstream from the orifice plate, for the measurements of the radiated sound pressure. The background noise of the system, measured with the flow supply turned off was found to be negligible. Preliminary measurements were made using two microphones, with the second one installed 9 cm from the orifice plate. Measurement of the pressure frequency transfer function between the two microphones showed that the pressure disturbances propagated at the speed of sound. At very low frequencies, the microphone may have been in the acoustic near field and recorded pseudosound due to the turbulent structures which may not have been dissipated completely. This is believed to have induced some errors at low frequency in the identified M function and G 1 functions.
The output signals from the microphones were acquired at a sampling rate of 32 768 Hz using an HP356XA data acquisition system. The volumetric flow rate through the orifice was measured using a precision mass-flow meter ͑Bara-tron type 558A͒ at the inlet of the test section. The timeaveraged pressure gradient across the orifice was measured using a pressure transducer ͑Baratron type 220C͒, with pressure taps installed along the tube as close as possible to the orifice plate. Figure 4 shows radiated sound pressure spectra in air for different values of orifice pressure drop, ⌬p. The spectral level increases with the pressure drop, or the centerline velocity calculated using Bernoulli's equation
IV. BROADBAND SOUND GENERATION

A. Straight orifice
where 0 ϭ1.2 m 3 /s is the medium density. Note that pressure heads in voice production studies are customarily reported in units of cm water.
The spectral decomposition method discussed in Sec. II was used to separate the acoustic frequency response function, the radiation efficiency function, and the source spectral distribution function. for Strouhal numbers smaller than one, and with the fifth power for Strouhal numbers greater than two, which is similar to the circular orifice case ͑Zhang et al., 2002a͒.
B. Convergent orifice
Similar experiments were performed using a convergent glottis-shaped orifice. Figure 8 shows the sound spectra measured for air and different pressures. As in the case of straight orifices, the spectral amplitudes increase with jet velocity. The spectral decomposition method was applied and the resulting G 1 function is shown in Fig. 5 . The G 1 function follows a He 2 trend at low Helmholtz numbers ͑up to around 0.45, the cut-on Helmholtz number for higher order acoustic modes͒, indicating a quadrupole-like sound source dominant at low frequencies. This is not surprising, as the flow within and immediately downstream the orifice is very stable ͑or ''laminar''͒, and turbulence appears further downstream into the tube ͑see discussion of Fig. 17 below͒. For greater Helmholtz numbers, the G 1 function deviates from a He 2 trend. The radiation function approaches at high frequency a He 4 law characteristic of a free field. Accurate regression at high Helmholtz numbers is difficult due to the presence of many resonances and sparse data points. At very low Helmholtz numbers the G 1 function is independent of Helmholtz number, which is partially due to flow supply noise. Another source of errors is the possible pseudosound recorded by the microphone, as discussed earlier in Sec. III.
The F function is plotted versus the Reynolds number and the Strouhal number in Figs. 6 and 7, respectively. Again, the effects of the Reynolds number were negligible. The spectral shape of the F function was very similar to that for the case of a straight orifice, following a St Ϫ3 trend at low Strouhal numbers, and St Ϫ5 at high Strouhal numbers.
C. Divergent orifice
The sound radiation characteristics of divergent orifices were different from those of the straight and convergent orifices. Figure 9 shows the sound spectra measured with air for mean pressure drops from 9 cm H 2 O to 30 cm H 2 O. Broadband levels seem to jump up for pressures above 10 cm H 2 O. As the mean pressure drop further increases, level changes are frequency dependent. The sound levels are nearly constant within specific frequency bands, for example around 4 kHz. Near the Nyquist frequency of 12.8 kHz, the spectral level culminated for intermediate pressures around 18 cm H 2 O. the specific gas mixture. Thus values of nominal transglottal pressure correspond to a given jet velocity, regardless of gas mixture. Since the sound speed is smaller in CO 2 , the spectra extend to a larger He number. Two resonance frequencies ͑around 6000 Hz and 12 000 Hz͒ may be detected from the spectra. Again, the sound level at high frequencies culminated around 18 cm H 2 O. The behavior above 8 kHz indicates that there may exist a tonal component of comparable amplitude at high flow rates at a frequency in between the two tube resonance frequencies. The tonal frequency increases with the jet velocity, and, when superimposed on the broadband component, may contribute to the complexity in the overall spectral shape and amplitude. This is discussed further in Sec. V.
Efforts were made to separate the source function using the spectral decomposition method. The resulting G 1 function, shown in Fig. 11 , does not seem to obey a multipole power law of the type He n as for the straight and diverging cases. Significant scattering from the ensemble mean 10 log F function was observed among the individual 10 log F k functions, with a standard deviation of 5 dB as compared to the approximate 15 dB dynamic range for 10 log F. Since it is unlikely any other sound generating mechanisms was present, this characteristic behavior was attributed to some kind of flow-acoustic interaction in this case. Vortex shedding, pairing, roll-up, and growth of instability waves are very sensitive to small acoustic disturbances. except at low frequencies because of background noise attributed to the flow supply. The spectral decomposition method was again applied for this case. As shown in Fig. 11 , the G 1 function follows a He 2 power law for mid-and highHelmholtz numbers. This suggests that the sound source is dipolelike in this case ͑i.e., for a divergent orifice͒. Due to the unstable flow separation within the glottis, there exists significant interaction between the shed vortices and the orifice wall. The resulting dipole source then tends to dominate the sound field. The quadrupole source, which is associated with the turbulence region downstream of the orifice, is therefore less important. At lower Helmholtz number, the G 1 function tends to decrease with the Helmholtz number, which may again be due to significant background noise in the free jet configuration. Other errors may occur since the sound pressure measurements were made in the acoustic near field at low frequencies. The fluctuations in the G 1 function are believed to be due to reflections off surfaces near and downstream of the jet exit. The F function is plotted against the Reynolds number and the Strouhal number in Figs. 6 and 7 , respectively. The source spectra culminate at midfrequencies. For Strouhal number values lower and higher than the peak Strouhal number, the F function approximately follows St 2 and St Ϫ2 trends, respectively. The significant difference observed in the sound generation between the confined jet and free jet configurations for large flow velocities indicates that significant source-tube acoustic interaction may exist in the confined jet configuration for the divergent orifice shape. Such interaction was not evident in the results for the other orifice geometries studied.
V. TONAL SOUND GENERATION
Tonal sounds were produced for low flow rates through the stationary divergent orifice configurations, for flow velocities ranging from 17 to 37 m/s. Figure 13 shows typical sound pressure spectra measured with air for transglottal pressures between 1 cm H 2 O and 8 cm H 2 O. The frequency of the tones increased nearly linearly with the jet centerline velocity. As the jet velocity was increased, broadband sound increased gradually in level until it reached that of the tonal component. Eventually, as the transglottal pressure was increased above ⌬pϭ9 cm H 2 O ͑Fig. 9͒, the broadband component dominated although tones were still present in the spectra in some cases. Figure 14 shows the Strouhal number of the tonal sounds versus the jet velocity. The hydraulic diameter of the orifice was used as the characteristic dimension in the definition of the Strouhal number. Both the fundamental, St Ϸ0.23, and the first harmonic, StϷ0.46, of the tonal sounds are shown. These values correspond to values reported for vortex shedding in shear layers, for example, for flow past a cylinder ͑Blake, 1986͒. It was found, by varying the working fluid, that the effects of viscosity on the tonal sounds Strouhal number were insignificant. The effects of the orifice dimensions are unknown, since the experiments were performed with the orifice area kept constant. At low flow rates ͑2 and 3 cm H 2 O in air, or 18.08 and 22.14 m/s for the jet velocity͒, the fundamental Strouhal number was only 0.15 in one case, and Strouhal number values for tonal components were scattered over a range.
The tone Strouhal numbers and their onset velocities were consistent for different tube configurations. For example, radiated sound spectra measurements were repeated with the downstream tube removed to eliminate possible flow-acoustic loading feedback. The Strouhal numbers of the tonal sounds, shown in Fig. 14 , were found to coincide with their confined jets counterparts. This suggests that the jet tones may be caused by a hydrodynamic phenomenon, and not by flow-acoustic interactions as the case of broadband sound generation at high flow rates discussed in Sec. IV C.
For one case, the instantaneous spanwise velocity profile within the jet was measured using a gated hot-wire probe located 0.5 mm downstream from the orifice exit. The probe was traversed every 0.1 mm along a 3 mm span, which in-FIG. 14. The Strouhal number of the observed jet tones for a divergent glottis-shaped orifice versus the jet velocity. ᮀ, confined air jet; ᭝, confined CO 2 jet; छ, confined He-CO 2 jet;*, free air jet; ϩ, free CO 2 jet;-, St ϭ0.23; ---, Stϭ0.46.
cluded the entire jet plume. The data acquisition was triggered and phase-locked at each location by using a filtered, nearly sinusoidal sound pressure signal from the microphone located in the tube upstream of the orifice. The instantaneous velocity profile for a few cycles is shown in Fig. 15 . The frequency of the tone was 5.1 kHz, and the transglottal pressure 6 cm H 2 O. The velocity oscillated in phase throughout the span of the orifice. The harmonic component at twice the fundamental frequency was strong. There was no apparent fluctuation in the jet core location over one cycle, and thus no apparent flipping of the jet plume from one diffuser wall to the other. The jet was permanently attached to one wall, as shown in Fig. 16 , as found using an oil-based smoke injected into the air stream, and a strobe light. For a transglottal pressure of 10 cm H 2 O, the jet plume is clearly skewed as a result of attachment to one of the glottal walls. It is not clear whether this was due to asymmetry in the orifice, or to a so-called Coanda effect. The jet plume discharge angle was bi-stable, and could be manipulated through slight adjustments in the orifice geometry. With very careful positioning, the jet plume was normal to the exit plane in a state of unstable equilibrium.
It is possible that shear layer instabilities within the jet may cause a slight shift in the flow separation point within the divergent orifice. This could change the flow resistance of the orifice and result in a surge, or periodic ''blocking'' of the orifice. Note that this phenomenon did not occur for convergent orifices. Flow separation, or stall, is known to occur under adverse pressure gradient for jet flows through divergent channels. Over a certain range of diffuser angle and ratio of orifice length to orifice throat width, large transitory stalls occurs and the entire flow region is characterized by a large, low frequency surge or stall ͑Kline, 1959͒. Such dynamic stall induces pressure fluctuations and unsteady flow behavior both upstream and downstream of the orifice ͑Smith, 1975͒. Similar observations were made in studies of jets flow through knife-edge orifices by Johansen ͑1929͒, and Beavers and Wilson ͑1970͒. Vortical structures shed at a constant Strouhal number over the range 200ϽReϽ3500 were observed. The Strouhal number observed of the vortical structures for the two-dimensional orifice was around 0.43, which is approximately twice the value for the jet tone observed in present study. This could be accounted for by vortex pairing, with subharmonics excited and contributing to the sound radiation. At low flow rates, paired vortices may pair again with another vortex giving rise to oscillations at one-third of the vortex shedding frequency in the sound field.
VI. EFFECTS OF ORIFICE GEOMETRY
For the cases of a circular straight orifice ͑Zhang et al., 2002a͒, as well as for the straight and convergent glottisshaped orifices, the flow within and immediately downstream of the orifice is laminar and stable. Instability waves appear several orifice diameters downstream, beyond which the flow transitions to turbulence abruptly. Figure 17 shows two pictures of the flow just downstream of the orifice exit plane for the convergent orifice ͑unconfined flow͒. The laminar core may be seen, along with vortical structures generated downstream due to shearing and mixing. The sound generation process for these cases exhibits all more of a quadrupole type behavior, which may due to the fact that turbulence appears several glottal diameters downstream in the tubes and thus there is less random force fluctuations on the orifice. The source functions for these three cases follow similar spectral similarity laws. Note for convergent shapes, Fig. 17 , the merging or collision of the corner vortices could affect the quadrupole source strength.
For a divergent orifice, the flow is turbulent right beyond the glottis exit as shown in Fig. 17 for one free divergent jet and 4 cm H 2 O transglottal pressure. The flow separates within the orifice and is very sensitive to small disturbances. The resulting hydrodynamic and acoustic feedback loops are responsible for the tonal sound observed at low flow rates and the turbulent sound spectral behavior at high flow rates, respectively.
Although the divergent orifice geometry has significant effects on the flow field and sound generation process in the steady jet flows, it is not clear that whether these observed feedback mechanisms would occur in the unsteady flow configuration, as in voice production. It is possible these feedback loops may not have enough time to develop considering the constantly changing pulsating flows. On the other hand, the source spectral distribution functions for the other two orifice geometries and the circular orifices have been shown to follow similar trends. This scaling law in the source spectral shape and amplitudes may be used for the noise modeling in high-quality speech synthesis.
VII. CONCLUSIONS
Experiments were performed to study sound radiation from stationary jet flows through glottis-shaped orifices. Three orifice geometries were studied with straight, divergent, and convergent profiles. For the straight and convergent orifices, the sound generation characteristics were found to be similar to those of circular orifices, i.e., quadrupole type of source. The source spectral distribution functions for the two orifice geometries follow similar trends, decreasing approximately with the third power and fifth power of the Strouhal number at low and high Strouhal numbers, respectively. For the divergent orifice, jet tones were produced at low flow rate, with a fundamental Strouhal number around 0.23, which is probably related to a dynamic surge phenomenon. At high flow rates, the sound field is dominated by broadband sound. Significant differences in the sound field between the confined divergent jets and the free divergent jets were observed at high flow rates. The free jet sound was found to be a dipole type of source. The confined jets exhibit a different complex behavior, which is probably due to flowacoustic interactions and the existence of a feedback loop.
Extended flow visualization and detailed flow measurements are needed to further understand the flow field and characterize possible sound generation mechanisms.
